Abstract: A planar and compact open waveguiding structure based on spoof surface plasmon polaritons (SPPs) was demonstrated. For practicality, instead of the well-known wire medium, the uniaxial strip medium (USM) was proposed and used as the effective bulk material with a negative dielectric constant to support the spoof SPP modes. The relevant formulations, including the modal dispersion relations and the formulation for the waves in a multilayer anisotropic structure, are analytically presented in this paper. Interestingly, instead of taming and suppressing the spatial dispersion (SD), which had been done in most past studies, SD was exploited in the proposed structure to enhance the field confinement of the spoof SPP mode by approximately 41%. Moreover, the thickness of the USM slab could be reduced by 50%, using conductor backing and without perturbing the odd mode. This method and SD can help avoid electromagnetic interactions among various components of a multilayer printed circuit board structure and help miniaturize sensors or surface-wave waveguides in the microwave regime. In this study, the subwavelength thickness of the proposed structure was only 0.09 0 at 1.34 GHz. Additionally, the propagation loss for such slow-wave structures has seldom been discussed analytically and quantitatively. In this study, through calculations and simulations, low attenuation constants in the spoof SPP propagation direction of the proposed structures were investigated. Finally, an experiment was conducted, and an extraction method for obtaining the required reflection spectrum from the measured S-parameter was developed.
Introduction
Over the past decade, surface plasmons (SPs) in optical regions have been studied extensively; their significant application potential in the nanophotonics and biomedical fields have caught the attention of many scientists [1] , [2] . Plasmonic devices provide a bridge to combine microwave and optical circuits [3] . Metamaterials have also been a hot research topic since Pendry et al. proposed a subwavelength periodic structure composed of infinite wires arranged in a simple cubic lattice to realize macroscopically effective negative permittivity [4] . The structure is called the wire medium and is a metamaterial with novel properties and applications [5] . Its novel electromagnetic properties have been used for miniaturizing electronic devices [6] . Spoof surface plasmon polaritons (SPPs) or designer SPPs [2] involve the combination of SPs and metamaterials. Conductors with a periodically corrugated surface [7] and a metallic domino structure [8] are known to support spoof SPPs in the gigahertz region. Analytical design guidelines for these two structures have been developed, but they are difficult to fabricate and integrate with planar circuits. In this paper, a planar structure consisting of periodically arranged metallic strips is proposed for sustaining spoof SPPs for practical purposes. The structure is partly based on the uniaxial wire medium (UWM) [9] , [10] , and an effective model is proposed in this study. The proposed structure is called uniaxial strip medium (USM). Because of the infinitely long wires or strips, a nonlocal effect called spatial dispersion (SD) [11] is crucial in both UWM and USM. SD increases the difficulties faced in the design and application of such structures, and therefore methods for taming and suppressing the SD effect have been proposed [12] , [13] . In the present study, the influences of SD on the spoof SPP modes were investigated, and it was found that SD can enhance the field confinement of the spoof SPPs in a certain frequency band, and a subwavelength structure consisting of a USM slab designed based on SD for waveguiding or sensing can be realized. The thickness of the proposed waveguiding structure is only 0.09 0 at the operating frequency in the present study. In [13] , Kushiyama et al. proposed a structure for realizing extraordinary transmission and directional beaming; the structure could also be used as a sensor. It consists of wire media and metallic spheres, with the spheres arranged periodically and linked by the wires for suppressing SD. However, the structure had disadvantages: its thickness was approximately 0.43 0 at 5.5 GHz and its nonplanar architecture and lack of analytical design guidelines created difficulties in its application. Recently, Belov et al. proposed a wire metamaterial characterized by a diagonal tensor of dielectric constant with the component parallel to the wires equal to infinity [14] . The wire metamaterial slab functions as a nonplanar single-mode subwavelength waveguide. The propagation direction of the guided mode is orthogonal to the metallic wires, and the modal magnetic field distribution has an even parity and resides mostly in the slab. Moreover, the 10-cm thickness of the slab was approximately 0.25 0 at 760 MHz. In the current multi-layered printed circuit board (PCB) process, cylindrical metallic wires are typically realized by vias drilling through the plane of one or more adjacent metallic layers. Because the standard thickness of a PCB layer is normally around a millimeter, at least several dozens of PCB layers would be needed to realize 10-cm long vias. Obviously, this is infeasible for practical applications. Instead of using vias, the proposed USM can be implemented by the printed metallic strips in the PCB process. USM is a multi-layered planar structure with low fabrication cost, and the length of printed strips can be arbitrarily long in the current PCB process. All these make the USM superior to the UWM from the perspective of PCB fabrication.
Propagation loss is rarely considered for spoof SPP waveguides in the microwave regime. However, it should be seriously considered and kept as small as possible when the structures are used for long-range transmission. On the other hand, when metamaterials are used to realize a generalized surface plasmon resonance sensor or are applied to the common Otto configuration for excitation of spoof SPPs, the metamaterials should be synthesized from lossy materials so that the level of coupling between the incident wave and the spoof SPP mode can be easily observed in the reflection spectrum [15] . Hence, for designing the USM and constructing its effective model, the material loss is considered and the modal propagation loss is analyzed in detail in this study. In general, the odd mode of the plasmonic slab is more suitable for waveguiding because of its lower propagation loss; however, the symmetric two-sided open structure [13] , [14] leads to bad electromagnetic shielding. In the present study, in addition to a pure USM slab, a conductor-backed USM (CB-USM) slab was demonstrated. The USM slab was miniaturized using conductor backing, without perturbing the spatial field profile and dispersion of the odd mode. The conductor backing is beneficial for reducing electromagnetic interference (EMI) and the structure size when such a waveguiding structure is integrated into a circuit system. Furthermore, based on an analysis of eigenmodes, the modal propagation losses of the USM or CB-USM slabs were much lower than those of conventional waveguiding structures in the microwave regime, such as a microstrip line.
This article is organized as follows: In Section 2, the equivalent relationship between UWM and USM is presented. Analytical formulations for the spoof SPPs are also derived. In Section 3, calculations, simulations, and measurements are detailed. Finally, conclusions and potential applications are presented in Section 4.
Uniaxial Strip Medium and the Spoof SPP Modes
A schematic of a UWM is shown in Fig. 1(a) . It is an artificial nonmagnetic material formed by embedding an array of perfectly conducting cylinders with periods and dimensions considerably smaller than the wavelength into a host medium with relative permittivity " h . The effective dielectric constant of a UWM is given in the matrix form as
Because the thin cylinders of the UWM shown in Fig. 1 (a) are y -directed, the electric polarization in x and z directions is negligible, and therefore, " x ¼ " h , and " z ¼ " h . In [9] , the formulation of " y is given as
where k 0 ¼ !=c is the wave number in free space, k p is the effective plasma wave number, and is the wave vector component along the y -direction in the UWM. In the PCB fabrication process, metallic shorting vias might be used as the constituent thin cylinders of the UWM. However, it is difficult to implement long vias in the current PCB fabrication process. In this study, the metallic cylinders with radius r of the UWM were replaced with planar copper strips with width w , as depicted in Fig. 1(b) . The resultant structure is thus called the "uniaxial strip medium." When a plane wave impinges on the UWM, the thin metallic cylinders, on which electric currents are induced, can be regarded as thin linear antennas or scatterers. Hence, the geometrically equivalent relationship between the cylinder and the strip is adopted from [16] to be
Furthermore, we revise (2) by considering the skin effect in metals and the loss effect of the host medium. First, the effective plasma frequency f p proposed in [10] is substituted into the expression for the effective plasma wave number in (2) by using the linking relation k p ¼ 2f p =c for considering the skin effect. Second, because the conductivity of common lossy dielectrics is much lower than that of metals in the microwave regime, the influence of conduction current in the lossy host medium on the effective plasma wave number is neglected. The loss effect is considered by using " h with an imaginary part. In this study, the following effective model of the USM was proposed by considering these factors comprehensively (see Appendix A for details):
If the SD and dielectric loss are negligible or ignored, the USM can still be described by (4) as long as and the imaginary part of " h are eliminated. The formulation thus obtained is consistent with the local and lossless model proposed in [10] when (3) is adopted. For all the analytical formulations in this study, the USM was characterized by the effective dielectric constant given by (1) and (4). Next, the dispersion relations for the even and odd modes of spoof SPPs for a USM slab were presented, and the associated derivation was detailed in Appendix B. The three-layer structure depicted in Fig. 2 is that of a USM slab (Layer 2) sandwiched between two semiinfinitely thick, homogeneous, isotropic dielectric layers, namely Layers 1 and 3. The dielectric materials used In Layers 1 and 3 are the same, and the dielectric constant is denoted as " en . As predicted by (4), the effective dielectric constant of the USM ð" y Þ is negative in a certain frequency band. Therefore, in such a multilayer structure, each layer interface can sustain spoof SPPs, and the interactions between spoof SPPs give rise to coupled modes. Because of the structural symmetry, an even mode and an odd mode of spoof SPPs can exist, and the corresponding dispersion relations are, respectively
where 1z and 2z are the z components of wave vectors in Layers 1 and 2, respectively. The penetration depths into the dielectric and the USM are defined as 1=Re½ 1z and 1=Re½ 2z , respectively. The parameter t is the thickness of the USM slab. When t approaches infinity, the coupled modes degenerate into two uncoupled spoof SPPs at the respective interfaces. The dispersion relation for the uncoupled spoof SPP mode is
and the derivation is also given in Appendix B. As is the case with the SPPs on a flat dielectric/metal interface in the optical regime, the spoof SPPs on a flat dielectric/artificial-permittivity-negative-material interface cannot be excited directly by plane wave incidence because the propagation constant of spoof SPPs is larger than the wave vector of the plane wave propagating on the dielectric side of the interface. The total internal reflection (TIR) instead can be used to achieve phase matching to the SPPs or spoof SPPs. For example, a common technique for SPP excitation is the Otto configuration [2] . When a plane wave originating from a dense medium (to provide a large enough wave vector) excites the spoof SPPs propagating at the dielectric/USM interface, the energy of the incident wave is coupled with the spoof SPPs. Hence, a local minimum at the exciting frequency of the spoof SPP can be observed in the reflection spectrum.
For exciting the spoof SPP modes of the three-layer structure depicted in Fig. 2 by TIR and phase matching, a four-layer system depicted in Fig. 3 is considered. The overall reflection coefficient À for the four-layer system under oblique transverse magnetic (TM) (H x , E y , E z ) wave incidence can be obtained as (see Appendix C)
where
and k iz and " iy ði ¼ 1; 2; 3; 4Þ are, respectively, the z-component of the wave vector and the dielectric constant in the y -direction in the ith layer. h 2 and h 3 are the thicknesses of Layers 2 and 3, respectively. If Layer 4 is made of a perfect electric conductor (PEC), (7) reduces to (see Appendix C) Fig. 3 . Geometry of a four-layer structure under oblique TM wave incidence from Layer 1.
As indicated in Fig. 4 , À PEC is the overall reflection coefficient for the conductor-backed threelayer structure.
In this study, the four-layer structure considered in the calculations and simulations was composed of water, air, USM, and air sequentially. Meanwhile, the conductor-backed three-layer structure considered was composed of water, air, and a CB-USM slab. Because the structures were assumed to be uniform and infinitely extended in the y -direction (propagation direction of the excited spoof SPP modes), the multiconductor TEM mode, which can exist in the UWM [17] , would not be excited in the proposed USM or CB-USM by employing phase-matching techniques. Since the propagating mode of the proposed USM or CB-USM slab is purely a TM mode, not a superposition of TEM and TM modes, (7) and (8) could thus be used to calculate the associated reflection coefficients. The aforementioned analytical formulations were adopted in all the calculations, and the real periodic structures were simulated using Ansys HFSS ver. 2014. In the simulations, the Floquet mode excitation was set on the top and bottom faces perpendicular to the z-axis, and periodic boundary conditions were applied to the sides. The material parameters were as follows: the dielectric constant of water is approximately 78.2 [18] , the host medium of the USM slab was FR4 (dielectric constant ¼ 4:4, loss tangent ¼ 0:02), and the metallic strips were made of copper ðconductivity ¼ 5:8 Â 10 7 S/mÞ. The geometric parameters were as follows: w ¼ 0:4 mm, d ¼ 20 mm, the thickness of the air layer (Layer 2 in both Figs. 3 and 4) sandwiched between water and the USM ðh 2 Þ ¼ 180 mm, and the thickness of the USM slab ðh 3 Þ ¼ 2d ¼ 40 mm (thickness of two unit cells).
Calculation, Simulation, and Measurement
Figs. 5 and 6 show the experimental setup. All the measurements were conducted in the anechoic chamber at the National Taiwan University. The experimental configuration was based on Otto excitation [2] . Two identical horn antennas were used for transmitter (TX) and receiver (RX), and a Styrofoam fixture was used to fix the orientations and locations of the two antennas so that the incident angle inc and observation angle were both 7
. The center-to-center distance between the TX and RX antennas was fixed at 57 cm, and the two antennas were connected, respectively, to Port 1 and Port 2 of a Vector Network Analyzer (HP 8753) to record the frequency response of S 21 . The incident angle inc ¼ 7 is chosen so that TIR occurs at the water/air interface. More details on the choice of inc ¼ 7 will be discussed in the following paragraph on the dispersion diagrams of spoof SPP modes. The length of the y -directed strips of the USM and CB-USM slabs used in the experimental setup is chosen as 60 cm to avoid being equal to or close to an integer multiple of half guided wavelength in the FR4 substrate so that the self-resonant frequency of the strip is kept apart from the frequencies of interest. Besides, the horn antennas used have a wide beamwidth at around 1 GHz and similar beamwidths in the E-and H-plane patterns. To reduce the strong edge effect of the fabricated USM and CB-USM slabs while keeping a reasonably smaller size, the size of the slabs is chosen to be 60 Â 60 cm 2 . In this study, the operating frequency of the proposed structure is chosen at around 1 GHz merely to facilitate the experimental verification of the concept. The dielectric losses of water and the FR4 substrate are both satisfactorily low at around 1 GHz, and they are low cost as well. When horn antennas with a narrower beamwidth are used in the aforementioned experiment, the size of the slabs could be reduced accordingly without affecting the measured results as long as the periodic effect still dominates the characteristics of the USM and CB-USM slabs. In general, the periodic effect remains noticeable if more than ten unit cells are used [19] . Therefore, for a fixed operating frequency, say at around 1 GHz, the dimension of the USM and CB-USM slabs in the x direction could possibly be reduced with a lower bound of 20 cm (10 unit cells in total), which is shorter than a free-space wavelength. For shaping a prism consisting of a dense medium, a hollow Styrofoam triangular prism with a sealed bottom was filled with water. The dielectric constant of Styrofoam was approximately 1. The distance between the water prism and the two antennas was set to be 140 cm to avoid the near-field effect. The spacing between the water prism and the USM slab was 18 cm.
Signals received by the RX antenna (see Port 2) were influenced by the direct coupling between the two antennas and unwanted clutter fields from the surroundings. For scattering by the entire setup, including the water prism and the USM slab or CB-USM slab, the measured S 21 can be expressed as
where C represents the coupling between the TX and RX antennas plus the clutter fields received at Port 2, F ant;TX and F ant;RX represent the performance factors of the two antennas (including gain and impedance matching), A air and A water represent the propagation factors in air and water, respectively, T air!water and T water!air are the transmission coefficients when a plane wave is normally incident from air to water and vice versa, respectively, and À MEAS is the desired reflection coefficient for the structure of interest. By removing the USM slab or CB-USM slab, the water prism becomes the sole scatterer in the experimental setup, and the S 21 thus recorded can be written as (10) where À TIR is the reflection coefficient for TIR occurring at the water/air interface. It is known that jÀ TIR j ¼ 1. Furthermore, by removing both the USM or CB-USM slab and the water prism (that is, only the TX and RX antennas are present in the measuring environment), the recorded S 21 can be expressed as
Combining (9)- (11), the magnitude of À MEAS can be extracted:
Having the measured data, the frequency responses of jÀ MEAS j for the structures of interest, either with USM slab or CB-USM slab, can be acquired via (12) . The obtained responses are plotted in Figs. 7 and 8, respectively, in which they are denoted as "measured." For comparison, the corresponding reflection spectrums calculated via (7) and (8) as well as those simulated by Ansys HFSS are also plotted in Figs. 7 and 8, respectively. One can see that the theoretical results calculated via (7) and (8) agree excellently with their simulation counterparts and that they are both in reasonable agreement with the measured results. The difference between the theoretically calculated and measured results may be attributed to the assumption made in the theoretical model that the subwavelength periodic structure could be regarded as an effective Fig. 7 . Reflection spectrums of the four-layer structure shown in Fig. 3 formed by a 40-mm-thick USM slab (Layer 3) for inc ¼ 7 .
bulk metamaterial with its effective dielectric constant being expressed as (4). However, as the frequency increases, the dimensions of the "subwavelength" periodic structure become comparable to wavelength. Therefore, the accuracy of (4) degrades as the frequency is increased, resulting in a larger difference between the theoretical and experimental results at higher frequencies. The broader bandwidths of the resonant dips in the measured reflection spectrum mainly result from the dielectric loss of water, which was ignored in both theoretical calculations and HFSS simulations, and the fact that the incident wave used for excitation in practice is not a plane wave, but a spherical wave. The shift in the resonant frequencies may be attributed to the fabrication tolerance, the variation in the incident angle, and the unavoidable edge diffraction as well as the finite size of the fabricated structures. (In both theoretical calculations and HFSS simulations, the metallic strips in the USM or CB-USM slabs are assumed to be infinitely extended in the y -direction and infinite periodic in the x -direction.) One may see from Fig. 7 that the measured reflection coefficient deviates from unity at frequencies higher than 1.6 GHz. It could be attributed to the following two reasons: first, because the dielectric loss of water is relatively lower at around 1 GHz, water was assumed to be lossless in the theoretical calculation and HFSS simulation. In practice, however, the dielectric loss of water is nonzero and increases slowly as the frequency is increased. Typically, the loss tangent of water is approximately 0.1 at 2 GHz, and the corresponding reflection coefficient is calculated to be about 0.84, as opposed to the calculated value of unity under the lossless assumption. Second, the edge diffraction effect of the entire structure, including the water prism and USM slab, may also cause unwanted ripples in the received signal, especially at higher frequencies, which in turn result in the ripples in the measured response at higher frequencies as shown in Fig. 7 . The main reasons for the measured response plotted in Fig. 8 to deviate from those calculated and simulated include the strong edge effect caused by the finite size of the back conductor of the CB-USM slab as well as the aforementioned minor edge effect of the water prism and the USM-only portion of the CB-USM slab. Hence, the ripples in the measured response of Fig. 8 are more prominent than those in Fig. 7 , and the depth of the resonant dip induced by the spoof SPP mode degrades. Nonetheless, as shown in Fig. 8 , the measured results are still in reasonable agreement with those simulated and calculated. The corresponding resonant frequencies associated with the spoof SPP mode are consistent with each other. Also note in Fig. 7 that the resonant frequencies of the even and odd modes of spoof SPPs in the simulation were at 0.925 GHz ðf even Þ and 1.34 GHz ðf odd Þ, respectively. The thickness of the USM slab ðh 3 ¼ 40 mmÞ was only 0.123 0 at 0.925 GHz ðf even Þ and 0.179 0 at 1.34 GHz ðf odd Þ. Besides, the real part of " y of the USM calculated by (4) was À9.05 and À2.01 at 0.925 GHz ðf even Þ and 1.34 GHz ðf odd Þ, respectively. Due to the thinness of the USM slab, excitation of spoof SPPs on the back surface of the USM slab is possible. By attaching a nonmagnetic, homogeneous, isotropic bulk material or a homogeneous, isotropic, artificial-permittivity-negative-material with an unknown (effective) Fig. 8 . Reflection spectrums of the three-layer structure shown in Fig. 4 formed by a 40-mm-thick CB-USM slab (Layer 3) for inc ¼ 7 .
dielectric constant " un to the back surface of a USM slab, the unknown (effective) dielectric constant " un can be probed through a simple formula as
where sen can be determined by identifying the frequencies of the dips in the reflection spectra. The deviation of (13) is similar to that of (6) and is omitted here. Equation (13) can then be written as a quadratic equation of " un , and the associated roots are
where the positive or minus sign is determined by applying the condition Im½" un G 0. The value of " un can be acquired via (14) . Therefore, the proposed subwavelength planar structure can be used not only as a waveguide but also as a miniaturized sensor in the microwave regime.
The odd mode of the USM slab, compared with its even mode, has a lower propagation loss and is thus more suitable for use in waveguiding applications. However, when the USM slab is used as a guided wave component and is incorporated in a system, especially for a multilayer PCB structure, the lack of a common ground and the presence of excited fields on the back surface of the USM slab easily lead to EMI problems. For the odd mode of a USM slab, because the tangential component of the electric field vanishes across the symmetrical plane, or the mid-plane of the USM slab parallel to the x Ày plane, the modal distribution would remain unperturbed if the thickness of the USM slab is halved and a conducting sheet is attached to the back side of the slab. In other words, the spoof SPP mode of a CB-USM slab with a thickness of 40 mm corresponds to the odd mode of a USM slab with a thickness of 80 mm. Fig. 8 shows that the resonant frequency in the simulation was at 1.095 GHz, and thus the thickness of the CB-USM slab (40 mm) corresponds to only 0.146 0 . The real part of " y calculated by (4) was À5.2 at 1.095 GHz. As for a 20-mm-thick CB-USM slab, the resonant frequency is around 1.34 GHz, which is equal to f odd in Fig. 7 , and its thickness is reduced to 0.09 0 . With the aid of the conductor backing, EMI in such a multilayer PCB structure can be reduced effectively. The simulated spatial distributions of the tangential component of the electric field E y at the spoof SPP modes observed in Figs. 7 and 8 are shown in Figs. 9 and 10, respectively. Note that the field distributions of the even and odd modes shown in Fig. 9(a) and (b) , respectively, were acquired through plane wave excitation in the four-layer structure as shown in Fig. 3 with inc ¼ 7 . Due to the imperfect coupling between the incident wave and the spoof SPP mode (non-zero reflection coefficient at the interface), the total field thus obtained consists of two wave components evanescent along opposite directions (þz and Àz) in the air region sandwiched between water and USM slab. This slightly destroys the symmetry and anti-symmetry in the field distributions of the even and odd modes as shown in Fig. 9(a) and (b) , respectively. Meanwhile, the field distribution plotted in Fig. 10 resembles that in the upper half of Fig. 9(b) .
Apart from the EMI issue, the propagation loss of open waveguides is an important factor in long-range transmission. The attenuation constant in the propagation direction has seldom been studied analytically and quantitatively in most studies on plasmonic waveguides in the microwave regime. In this study, the simulated attenuation and phase constants of the proposed structures in the spoof SPP propagation direction (y -direction) were extracted and investigated. Figs. 11 and 12 illustrate the calculated and simulated dispersion relations of the proposed structures. For the calculated results, the Levenberg-Marquardt method [20] , [21] was used to find the complex roots of (5a), (5b), and (6). As for the experimental results, the two ends of the USM or CB-USM slab must be connected respectively to a transition structure, such as a rectangular waveguide, to measure the attenuation constant of the associated spoof SPP modes. However, the dominant TE 10 mode of the rectangular waveguide would also excite other modes sustained by USM and CB-USM slabs. Besides, a rectangular waveguide for operating at Fig. 10 . Simulated spatial distributions of the tangential electric field E y for the 40-mm-thick CB-USM slab (air/CB-USM structure) at 1.095 GHz. around 1 GHz is not common because of its bulky structure and unavailability in our lab. Therefore, only the simulated attenuation and phase constants of the spoof SPP modes are presented in this study. Fig. 11(a) and (b) show the attenuation and phase constants of the even and odd modes of spoof SPPs for the air/USM/air structure, respectively. (The USM slab is 40 mm thick.) The calculated dispersion relation at the interface between two half spaces of air and USM is also shown in Fig. 11 and is denoted as "half-space mode." For verification, the wave vector incident from water, calculated via (B1d), is also plotted in Figs. 11(b) and 12(b) . Fig. 12 shows the attenuation and phase constants of the spoof SPP mode for the air/CB-USM structure. Obviously, the calculated and simulated results are in excellent agreement. In Fig. 11(b) , the frequencies of the two intersection points of the curves associated with the incident wave (green solid line) and the even mode (circles) and odd mode (triangles) are very close to 0.925 GHz and 1.34 GHz, respectively, corresponding to the two dips observed in the simulated reflection spectrum in Fig. 7 . Similarly, in Fig. 12(b) and (c), the frequency of the intersection point of the curves associated with the incident wave (green solid line) and the spoof SPP mode of the 40-mm-thick CB-USM (squares) is close to 1.095 GHz, corresponding to the dip observed in the simulated reflection spectrum in Fig. 8. Figs. 11(a) and 12(a) illustrate that the propagation loss is very low for the proposed structures even though FR4, which was used as the host media of the USM and CB-USM slabs, is a relatively lossy substrate compared to other dielectric substrates used in microwave circuits. For the proposed CB-USM slab with a thickness of 40 mm, the simulated attenuation constant at 1.095 GHz is 0.048 m À1 ; for the proposed CB-USM slab with a thickness of 20 mm, the simulated attenuation constant at 1.34 GHz is 0.058 m À1 . As a comparison, the attenuation constants of a common 50-microstrip line fabricated on a 1.6 mm FR4 substrate are 0.435 m À1 at 1.095 GHz and 0.526 m À1 at 1.34 GHz [22] . These two values are 9.06 and 9.07 times greater than those of the CB-USM slabs with thickness of 40 mm and 20 mm, respectively. Compared to conventional waveguiding structures, such as microstrip lines and dielectric waveguides, the reason for the lower propagation loss of the proposed structure is that the fields mostly reside in the air region rather than within the USM or CB-USM slab, as shown in Figs. 9(b) and 10.
The simulated modal field distribution at 1.095 GHz in the z-direction for the 40-mm-thick CB-USM slab (air/CB-USM structure) was plotted in Fig. 13 . The modal field distribution for the two half spaces of air and USM at the corresponding spoof SPP mode can be calculated via (4), (6) , and (B5) from Appendix B, and both the result considering SD and that without SD ð ¼ 0Þ were plotted in Fig. 13 for comparison. When SD is present, the calculated penetration depths into the air and USM slab are 0.441 0 and 0.082 0 , respectively. The calculated modal field confinements were similar to those simulated because of the correspondence between the two spoof SPP modes considered in the calculation and simulation. In other words, when the CB-USM slab is thick enough (40 mm or 0.146 0 in this case), the field distribution of the spoof SPP mode of the air/CB-USM structure resembles that of the half-space mode of the air/USM structure. Moreover, when SD is absent or ¼ 0, the calculated penetration depth into the USM increases by approximately 41%, to be 0.116 0 , unlike the subwavelength penetration depth in the presence of SD (0.082 0 ). For sensing applications, thanks to the shorter penetration depth into the USM region for the half-space mode, the thickness of the USM slab can be reduced significantly, and the spoof SPP modes on the back surface of the USM slab still can be excited effectively by phase-matching methods. As a result, SD can be exploited for miniaturization of the proposed sensing and/or waveguiding structure and avoiding EMI.
Conclusion
A subwavelength planar structure called uniaxial strip medium (USM) for operation in the microwave regime was proposed and fabricated. The principle of operation is based on using periodically arranged metallic strips in a host medium to mimic noble metals with negative dielectric constants in the optical regime, and the spoof surface plasmon effect was thus realized. The design guidelines are given analytically and verified by the results of simulations and measurements. It is proposed that two methods can be used for miniaturization and avoiding EMI: exploiting the SD effect and attaching a conducting sheet to the back side of the proposed structure. Modal analysis involving the dispersion relations of attenuation and phase constants and mode patterns was conducted. A concise guideline to use the proposed structure as a sensor was also given. Our results showed two essential advantages of the proposed structure over conventional waveguiding structures and plasmonic devices: low propagation loss and compact size. The operating frequency of the prototype structures is chosen at around 1 GHz merely to facilitate the experimental verification. The proposed structure would work as well even at millimeter-wave regime, Terahertz band, or beyond, as long as the chosen materials exhibit a reasonably low loss. Therefore, if the proposed structure is designed for operation at these higher frequency ranges, then it could provide a bridge to combine microwave and optical circuits [3] . Nonetheless, the proposed structure can still function as a sensor or open guided wave structure even in the lower microwave regime. Recently, the integration of the USM and CB-USM slabs with other common planar transmission lines in a multi-layered PCB circuit through mode matching technique has been investigated. Besides, since the prism coupling technique excites only the desired spoof SPP modes, it is very suitable for applications when the USM slab is used as a sensor. A simple and feasible experimental scheme based on the USM slab to be used as a sensor to detect certain material characteristics would thus be beneficial. We believe that this study presents potentially useful results for plasmonic sensing and waveguiding in both the microwave regime and beyond. 
at z ¼ Àðt =2Þ, giving a system of four coupled equations. This system of linear equations can be solved to obtain an implicit expression for the dispersion relation linking and !:
When the plus sign is chosen, (B8) reduces to
It is called even mode because the spatial distribution in the z-direction of the tangential electric field E y ðzÞ of this mode is an even function. When the minus sign is chosen, (B8) reduces to
It is called odd mode because E y ðzÞ for this mode is an odd function. For infinite thickness of the USM slab ðt ! 1Þ, (B8) reduces to the following dispersion relation:
This is the dispersion relation of spoof SPP propagating at the interface between two half spaces made of dielectric and USM, respectively.
for i ¼ 1; 2; 3; and 4. Solving this system of linear equations by eliminating A 2 , B 2 , A 3 , B 3 , and T results in an expression for the overall reflection coefficient of the four-layer system: 
When Layer 4 is made of a PEC as depicted in Fig. 4 , we have
Now, (C5), (C6), (C7b), and (C10) can be combined to yield 
where À PEC is the overall reflection coefficient of the conductor-backed three-layer structure, and is defined in (8a).
